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Involvement of Recoin ~ination in X-ray mutagenesis of human cells.

S,A. Amundsonl, F, Xiaz and H.L. Liber?
‘Life Sciences Division LS- 1, Los Alamos National Laboratories, Los Alamos, NM, USA
2Harvard School of Public Health. Boston. MA. US.A

ABSTRACT: Closely related human lymphoblastoid cell lines derived from WI-L2 differ
greatly in their responses to ~~-irradiation, Compared with TK6 (ATCC CRL 80 15), WI-L2-NS
(ATCC C,RL 8 155) has an enhanced X-ray survival. The induction of mutation by X-rays is also
markedly different, The hemizygous hprt locus is slight!y more mutable in WI-L2-NS than in
TK6, and the dose response fits best to a linear-quadratic curve rather than the linear fit of TK6.
X-ray induced mutation at the autosomal /k locus in hetcrozygotes derived from WI-L2-NS is
20-50 fold higher than in heterozygotes derived from TK6. A larger proportion of W1-L2-NS
mutants had lost heterozygosity compared with mutants of TK6. Fhiescencc i)l silu
hybridization indicated thai loss of heterozygosity was due almost unif(wmly to deletion of an
allele in mutants of TK6, and to recombination or gene conversion in mutants of W1-L2-NS,
These results indicate that reconhinationa] repair contributes to both cell sllr~ival and mutation
following exposure to ionizing radiation

1. INI’IWDIICTION
“I-hc importance of DNA repair ~br CCIIsurvival and mutation has been studied through

the usc ofmany different CCIIIincs with dillkrent capacities for repair !:or ~xiIIIlpl~, th~ W.Y5iind
,rr,~(>mutants of Cl 10-K 1 CCIIS,which arc dclicicnt in double strand break (cish) repair (Kemp lJI
(J . 1984), arc more sensitive to ki!ling by X-irradiation, show a slight increase in mu[ation nt the
}yv/ locus (Darroudi and Nalarajan, 19X9), and a 3-4 fold increase in mutation at the 1Alocus
(hlussa ~:1tll, 1990) Several of th~ u-s nlu[iil~t~ i\lso hiivc been tcs[cd for ttwir ability ti) ~ilrrv

out homologous recombination of p!awnids, .l}.~1 and .wx7 were not found to IW dclicicnt in
homologous recombination. but sho..-wd impairnwnt of integration of plasnlid lINA into the
gcnomc (I lamilton and I“hiickcrl 19t17) ,\’r,Y!lwas itls(}shown to hc p] t~lit jcnt in rcctmd]inati(m
of pliismids (Moore (JI{//., I ‘Nl(J). lladi; ui~mscnsirivc nlutants (JI-monw I,5 I7X}’ cells di{ltr it}
their mutability, l’hc M 10 Iinc is alwut 4 times nl(m mutahk at h/wI tlli]t~the piir~nt Iillc (Shi(mi
(’l (1/., I9HI ), whik 1.5I711Y-S (1.Y-S) CL’IIS were HIXNI1 thlU’-fold ICSS llliltill~ll’ 11~,X-rilvS illl(l

ct hyl tllcll];illcstlllt}n~lc (llMS ) al thc hprt locus than were ttic pnrcnt I,5 I7R}’-R (I ,Y-R ) (I‘,i’ans
(JI [1/ , I‘JH(J) Inducti(m of /k- l]~litiints, h(nvcvcr, was sil]lilar or grm[cr ill /k lWILSI-(~Y,yg(IICS

(Icrivcd fr(m 1, Y-S tl)ilt]in Iwlcrozygotcs derived from I Y-R (I{vans (~f(d , 10Ht~) “I”hc I .Y-s
pll~l)olyp!llilS 11( (31 allrilmlul 10:1 (iC!il.1 in t(lp(’is(~llwrilsc II ilctivity (l{\’illlS ,’/ (1/ , I ‘~X’J)

Silllilal- stu(lics in Illllllilll Uclls h:l\’L’ I)wll dollC ill Iifws (lcrivcd iiofll l)illil’lll S \vill) L“illlL”C1’

~lr(mc syn(ll(mcs lkll~l.ts ill I)NA t~l)iii] tlilV1’ IK’(’11 ilSSOCiiltL!ll with lllilll~ (~f” [Ill-’

c(lttll!lrlll~”lll;ltit~llglollps [d’ lhcw dismws (’1’11 Iilws Iiolll piltil’lll S will) illilSiil tl’lilll~i~L.l ilSiil

(A’1’)\VL91C Ii}llu({ to ! IL* t\vo to II!I-LC f(ll(i I} I(}Ir scnsi!ivc t[~~ill]ll]lilray in(lll(:ul killil]g (’l”;lyl(~[.(’/
/// i~)-1~) Ill ~“oltll):itis[m [() ‘1’K(!lv~l]l)l]ollliists, A’1’lvl~]i]ll(]l]lils[~WCIL*iil~ollt t\v() [inws 111(11(~

slvlsilivu I(I killing [Iv l!;II1l I1l:I Ii]vsl~tlt UILI:IIIV il][lti~l~l~ iit /1/11”1 (’1’iltstll~]i iil](l “I”i]k[’111’, 1 ‘)N’I )

WIIIIL’ill !FOIIIL”[Jf”fllL’S[’ i~StCl)lS :1 (lCCICilSL’ ii] !;Ill”\ ’i\’ill Ii)lk)witlg illil(li;lli(}ll ()( ’(’111s ;11011!!,

\vill) il (11’( 1(’;1S1’ itl lt’I’(l\’L’l illli(’ llllllillll~ ;1! (IIIL’ 01 Illolv lfl~-i,ill (}IIIL’ISIl)lltilli(lll is 1111’S;11)1(’(11

sliy,lllly itl(’1 C:ISLXI It Sc(.ills Iikrly IIlill 1111’ Villil)ll S l’rll Iinrs sl~l[llr(i ;llc’ (Ir!itit’t)l it] (Iilli’lrlll

txIIIIII(IntvIts Id” a LXMI IplC*N I )NA tcpil WSI(VN (.I !;y,SINIIK

Mtllngmli~’ t~’spt~nst’ ;11s(1(Illli’ts lx.lwcL’11 1()(.i ;!I)(I ;111101)}:(Iilli’t(vll (’vII svslrl)l~ ‘1’11(’

(lllli’1~11(’l’ lWt Wt’(’11 Illlll;ll loll ill ll~mliiygo~ls Nllll lll’l L’1”()/V)!,[lllS l(l~”i nil\11(’(’11 (mkl)lol 1 (1 Ill II I(UI:.(’



Iymphoma cells, where hemizygous hprf was found 10 be 100 fold less mutable than
heterozygous Ik (Evans c1 u/., 1986). The fame loci in human Ivmphoblastoid cells were found
to differ by only about 6 fold (1.iber cl al,, 1989), When the selectable targe~ gene was on a
single human chromosome in a human-hamster cell hybrid, very high mutant tlacticms were
observed (Waldren et al., 1979; 1%6). Such results led to the assumption that the observed
mlltant fraction could be influenced by the degree to which the surrounding genetic material was

nonessential It followed that heterozygous essential genes may also affect the number of
mutants recovered from linked heterozygous targets, and we have demonstrated a 10 fold
difference between X-ray mutability of the two alleles of the (k locus in a human cell line
(Amundson and Llber, 1991), This difference was due to a lack of large scale loss of
hetcrozygosity events recovered from one of the alleles, We have since extended this work to
syngeneic [k hetcrcmygotes with decrcascd radiation cytotoxicity and increased mutability
(Amundson et u/,, 1993) and now offer a possible mcchanisp’ to explain the etTec[s observed

2. MATERIALS AND METHODS
Cell Iincs WI-L2 was isokci from a human spleen h~ Lc\Iy u: (d ( IWJH) This nonckmnl isnlatc \vas
\virlclydistritwtcd and has sinrx passer.ithrough a number of lirlwratorics W’1-1.2-NS(A’1’(’(”(’RI. II155)
is a subckmc of WI-1.2 clcpositcd at the AI-C(’ b} T A Coons. A (.hffcruntunsclcctcd clone, 1II IJ. \vns

used to derive the TK6 CCIIIinc (Sliopck V1(//,. 1Q7H) (Sw tigurc I), A .$iicl polynmrphmn dw[mguislws

HUMAN LYMPHOBIAST LINEAGE the Iwo alleles of the IL gcnu ill WI-12-NS m.1 ‘1’li~l

CCk (YanrMl (’I 1//.. ] ‘~tih). TK6 \\;M dwgnawl ~S

WI-L2
/k I -, referring to tlw 14,X/H 4 alleles. :Imi 1]~.lcrt~7,~}l,t}tL’s

\vilh Ilk’ othur allulc acti\’c \vurc nhfcir~’d to ilS IL ‘

/

\? ‘1’\W Ih’ hCICrOZ\”gOhS (W’~~- I, ~ /k ‘ - IIIIL’ :1111!Wl”~-

7 HH4 l]. iI IA- I line) dcrivul flonl WI-I.2-NS UCIIS \\crL’

/

\
(d~t;lirw(l fr(m M II Ilcnjnn]in (IluIIlml]In (’I (/1 . I W I),

\

(’dh \uw nl;likincd as ;xpmlcn[i;lll} ~rtn$inp,
culmrcs m Rl)hll 1(M nwliunl supplcmmtcd \\llh I()”;)

WI-L2-NS TK6 h(mc smut]] (hcnl trcnl~.d Ii); 2 h(mts at 5(+’(’) ‘h

I I
cultures \vcrc ilmllxl[ud :1[ 170(” III 5’!,,(’()? ;Ind 100’!.,l”
Ilumi(lll) ;Irld nullllt;llnctl ilt dcnsitit’s td’ 1-12 s I of

tk-/- tk-l-
Ccllshlll,

/\

FI(; [I RF, I Rrlutionships hctwrrn thr rrll Iinrs nwd in

/\

thcw stultim, W I-1,2-Ns Mn(l II 114 tire rrnmuvl from IIILI
nrlgintil WI-1.2 isdbrtr h} an uflqmrifirtl numlwr of

tk+l- tk-1+ tk+/- tk./+ ;~::~:::ty which did not invnlw wlcrfion or mut~~rnir

WK1 VW@ R9 R6
Mutrityn trcn{nwnt (. I lA”l’ ((11. ()\\u\’tl(lllll’,— .— _

Il>”l}tlx;llltllitlc. wlllnoptcrln, am! th)mitllnc) trcnt~xl cullulrs \\clc II LO;IlcdIYIIII mIIliI~~,I.115 ,IS l)Ic\I(Nisl\

rcptu[~d (AmIIIIdsim and 1,Ihcl, IIJ(II) lrIil(lliltlIMIS \W’lc. IICI 11)11111’(1 \Yllll ;1 1’111111}S hl(i - 1[)? N-lil\

}:ctl~’rnl(u l)l}t-til[ill~: iIt (~ (} IUA \VIIiI I INN] Al AIc(I Iil[ril[l(ul “1111’ Ill)s(’-lilll. It) III(’ 11’lls \\;l\ dell’lllllmll 11)

h’ :Il}l)l(}xitll;llc.ly 7(I C(;~/11111111s111}!,il VIL.lolll”ll llllll~illl(lll L.11:111111~1;Ill(l Ill(’l 111(}llllllllll’SL”{.111(!(lslllllll \

Ihm’s to lhr mtllurcs rangrd frtml (M(M) 14 i\ ( ‘Ultlllrs \vtw l~l;ll(.[1 Iiu sill tI\;Il ;IIlt! IIIIIf;lll~)ti f’t;lLIItNl

USIII}l, !dilll(klld l)lohWdS, WI(I Il)lltilll[ fIilC[l(ll15 \\(.’l{’ C:lh”llh[l’d ll\lllp, thL’ 1111’[hl(l t)! ]“111111(’/ IJ/ ( lox! )

Mliqnntnnnlwi.! ( i(.tl~mllc.I)NAs \~vIc dlp,wtr(l KIIh ,~fll ti~lll~\vmp, th~h I(LIIIIIIIl{.Il(l;IIILIIlS ~~t’ IIM. kIIIU~lK.I

(Ikthmd;l 141%(’illuh I ,:d)lll:ll[ llll’s). C1l’1’tlo[)lloll’sl’11” Illltlll}!h (~X’)!l il}~,;ll(w.’illlll Ilnllslilllxl 1011$11111 Il\llly,

Slalld,llll I)ll\lllll}J, Ilxhllqlll% (Mi\lll;lll\ 1“/ (1/ , IVX.’) I I\ ’1)11111/;lll(lll \\,l\ 1’;1111(’(10111 filll, )\$lll}”, Ill,, 1)1(1114’(11

(~i’(;kls(’t (’/ (// ( l’JHh) 1)1 I) l)l’1lllll~,l. t ([ llll\”l U!ill\ hlr(ll~”;ll ( ‘(YII(. I NI.\\ (~1IL-;III*.I A [ l~,q) l}i(\\ i(lr(!

p’l”K I I , Ihl. pl(h’ fill ‘1)(’ “1’K I l(M’ll\ (lll;ld\h;ll\ ;111(1 Ih’llllll}!rl . l~~x,l ) I“lsll \\;l\ (;llll (’11 1111! ,)11
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3. RESULTS
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FIGURE 2 X-ray survival of CCII lines dcrivui
from TM and of lines derived from WI-L2-NS.
Each point is the average of 7-16 experiments

p 1 “*.’: ...+.~ with TK6 Iincs and 3-13 experiments with WI-L2-

3
0.10

NS lines. Error bars are standard error of the

‘“J ‘ 4 mean.
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0 100 200 MS)400EC0

X-RAY DOSE (cGy)

WI L2-NS and the cell lines derived
from it, V,’TK-1 and WTK-B, exhibited the
same dose-response curve for X-my survival,
but this response differed significantly from
that of TK6 (figure 2). This difference was
due in part to a more pronounced shoulder
on the WI-L2-NS survival curve than was
observed for TK6 The slopes of the dose
response lines also difl’crcd f’or the two CCII

lineages, The DOSwere calculated to be 67 cGy for TK6 and 93 cGy for the IV1-1.2-NS Iincs
WI-L2-NS, WTK-1, and WTK-B exhibited the same dose-response for X-ray-induced

hprf mutants (pooled t-test, pW,9) I{owevcr, this response differed signiflcarstly and
rei)roducitsie from that of TK6 derived cell lines (p’. ‘(),00I) Moreover, the X-ray indu tion of
hprt mutants in the WI-1.2 derived lines followed a
linear quadratic curve, iis opposed to TK6 ami its i’ ‘ ‘ ‘ ‘1
derivative cell lines, which fit very well to a straight q ‘1
line (Figure 3), WI-L2-NS +,

WTK- I and W“I’K-H did not appear to bc ~ w 1
+

‘i
unusmlly sensitive to mutation ;lt h/wI induuxi by x .d 1
1{’1{- I 9 i (p’(),9) or l~MS (p’’”(~7), when compafcd to * ‘- $
TK(I (data not shown), I’hc Iti(:k of difycrcntiiil ~ ~
response of WI-I ,2-NS Ilncs to point mlltagcns x # ‘II(6

suggested that the (dlscrvml incrcaw in X-ray- 10 ‘
**

am
indl]~e(i n]tlt;~nts WM Iikcly duc to Rr) in~~~iid ---

inducli[>n (ii’ lilt’gC’ scale Cvcnts ahovc the fic(]llcncy
o ●

rccovcwd f’rom ‘[’K(J CCIIS v.irvivin~ the sanw o ?4 100 1s0 700

tll!atnlcnt X-Mf DO.5E (ui3~)
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spontaneous tk mutants (data not shown), When the background mutant fractions were
subtracted, the induced ]nutant fractions were not significantly different from those in TK6
(EMS, p>(-)2; lCR-191, p’>0.9)

WI-L2-NS, WTK-1, WTK-13, and TK6 had no differences in the pattern of
heterozygous alleles of five chromosome 17 long arm markers (Ill7S21, D] 7S4, 1)17S77,
D 17S24, and TK 1) Since the 14 8/8 4 TKl polymorphism was a fortuitous restriction fragment
length variation not known to exist elsewhere in the human population (Yandell Cl al,, 1986), its
presence in W1-L2-NS reconfirmed [he direct relationship ofthis cell line to TK6,

4.
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Southern blot analysis of Tk mutants iiom
TK6 and WI-L2 derived lines was used to
determine the extent of loss of

o 50 100 150 200

X-RAY DOSE (cGY)

heteruzygosity In TK6, 46/81 mutants
from /k+/- lines, and 20/46 mutants fi-om
fk-/+-lines had lost heterozygosity at the (k
locus (Amundson and Liber. 1992)
Among mukants from WI-1.2-NS
hetcrozygotcs, 53/53 from Ik+/- lines and

1 WI,,.,+ 1 53/5.3 f’rom Ih-/+ lines had lost
hetcrozygmity at /k, Fluorescence Itl Mfu
hybridization of interphase nucici showed
that 2 3/23 )(-ray induced 1,01 i mutants [J1’
‘I-K(J rctairwd only (JIIC coi)y of the ~k
gene, while 8/8 mutants t~f WI-1 .2-NS
Iwtcrozyg[)tcs had lost hctcrozygosity. bl]t
rmtrinmi twt~ copies of’the tk ~cnc
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While deletions presumably occur in W1-L2-NS deri\ed heter-ozygctes also, another

mechanism is evidently producing a far greater yield of mutants in these lines ~Ve have

suggested that this increased mutational yield may be due to a recornbiniitional mechanism active
in these cells In WI-L2-NS derived heterozygotes, the (k I - lines were only about 3 fold more
mutable than the rk- I , but each allele was 25-50 fold n.ore mutable than the corresponding
allele in TK6 derived heterozygotes, The yield of late-appearing mutants following 150 C~Jy X-

rays was 8 1°/0 from WTK- 1 and 76°/0 from WTK-B, approximately that seen frorm TK6 All

early mutants analyzed had normal doubling times (TK-NG), However, only about 90°/0 of the
late mutants had lon~er than normal doubling times (TK-SG), Furthermore, after several weeks

in culture about half these mutants grew with normal doubling times, This is similar to the

behavior of the u (small) colony fk-1- mutants of LS 178Y mouse Iymphoma cells, Afier five

days in culture, 17-830/6 of the cs colony mutants had regained normal growth rates This was

attributed to spontaneously arising variants with normal doubling times (Moore (>I (;I , 1985)

Such a mechanism could explain the transieiltly slowly-growing mutants obsemed in W’TK-1 and
WTK-F3, or these mutants could result from the genomic instability that reportedly aflvcts cell

division for many generations afler )(-irrwiiation (Chang and Little,1992) If some CCIISdic at

each (ii\ ’ision, this would be observed as a slowing of growth in the culture If the effect were
transient in nature, such a clone could ~egaitl a normal giowth rate (urrcntly, it scxms that

about 40% of-the (k- mutants from either tillele of the W1-I.2-NS lines may Iw true sio\v grl~\v{h
mutants The late-appearing mutants in WTK lines do not share all the characteristics of those in

the TKbderived lines, and so may arise via an unrelatd mechanism

Evcr~ mutant analyzed fron~ W“I-K- I or WTK-13 hii(i lost hctcrozygositv at the 1A locus,

but retained two coilics of the gene 8s cvidcmxxi by };1S1[ anaiysis This, an({ cvidcnc(; fi(lrn a

plasmi(i based rcc(~illtliil;iti(~rl assay (manuscript in pr-cp;~!ation) strongly st]ggcsts that (ii fli)rcntiiil

capacities for rccorllt)it];ltiorl” may explain lhc incrcascd survival and mutation obscrwcd in cell
Iincs dcrive(i f’r(~nl WTI-1,2-NS ‘1’k two tillclvs arc still diflticnt iallv tnutablc in the W1-1 ,2-NS

derived lines, but this ditlivencc cfinm~l hc cxplaitwd by rcc(~vcrv (Jf’ Iat(’ mutants l“his ma?

suggest that there are limitations (m lhc extent of recorl]l)i[l:lli(~ll;il events which Ci!ll bc I c~’(~vc’l-cd

fr(m the two horm~i(}g(ms chr(~lix}s(mws ‘1’hcsc rcstricti(~ns would :lppCilr” to be ditli’fcnl fl(~lll

th(~sc contt-oling dclcti(~ns in the same systri)l

MaI)y factors in!lucncc tl]~ i))ut~it)t f’[it(ti(}n yvhich cat] be JC*(:(~Vl*IcXiil[ a p;lrticulnr t;ilgc~i

10((1s 11[’oil(i (ii!lk’rcnrcs hclwccn hctui~y~(}~l~ an(i hctcl’(~zyg(~us loci hove hcc’n \vCll rcx.(lgninx;

in the [lil St, as We’ll as dii)tr(vkcs bet wccn cell Ilncs derived (i (>nl difllvcnt sl)~’tics (’cII Iiiws
\vi?}llci)oir dclk<st:;Il:lvc been sh(l\vn f[) !I:ivc diflkl(nt rllu!ilbililit’s !i(~m “n(vwl:ll” (U(c!!!ims WI:
llilVC d(vllonstratcxi dilltil(?lltiill m(!t;~llility 01” tile two illlL’lC’\of tl)L’ ;II1l OSOIII;II” thyll~i[iillc killilSCs

10(”(1S, ;Ind S(lggl’stc(i it tl)ilv Ix’ cxpldine(i by (Ilc ill~’scf}(’c’ of Iinkc(i hl’tl’l ()/Yg()llS l’SSCllliill ~1’llrs

WC’ t)ilvt~ itlS(~ S(lggl’StC[l tilill lCC(lllll~illilt ion Illily IIC’ rcsil(msihic fill ti)L’ in(l (’;ISL’11 111111{11ion ill 1A

in I]lO!LL Ia(liolc’sist;llll l~$l;lt[’(1 c.(’11 iiti~$s As i ( )i i is n(I\v h(Il(i to Iw an ilni)ort:lllt (s\vt~t it) II1,c
i]l{)gl(’:.si~~ll t~f IIlat]y (:i!ltcls, issllvs ifl\x)ivillfi hrtclo~~~(llls csserlti;li }!CWCS:in(i lt’f.(~lllllitl(ltioll;li

n]r(’hatlisnli sil I) IIl(l [K’ c’(~nsi(iur(’(1 in ti)(’ illtl’l i)l(’tiltl(}ll (){’ Il)llt;ltiofl SIII(IIC’S illl(l lil(’11
Cktl;ltloliltioll” 10 Il(llllilll llSk cstilmllrs A I}rtt(’1 I]tl(l(’t\ti\l](liI]/[ of”til(’s~ S\ISt CIIIS mill ill,,(t ;ii(l itl

till” (’llil’i(lill loll (11’t}lc’ t])~’lilal)isills \\l]i\ II illt}(lll(-(! lllllliltl~)lls lclr\’;ll~l 1(111(111);111(11$1’:l\[’
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